In order to carry out the first study, modifications were made of the methods of Tjio & Whang (1962) and Kiossoglou, Mitus & Dameshek (1964) to produce direct chromosome preparations from rat and mouse tissues. This technique was used most successfully with bone marrow which consistently produced large numbers of good metaphase plates.
Other tissues such as spleen, liver and thymus have a much lower mitotic rate and prolonged searching of preparations was necessary to find sufficient suitable cells to assess chromosome damage.
A modification of Moorehead's method (Moorhead, Nowell, Mellman, Battips & Hungerford, 1960) for the culture of leucocytes was used (using a medium supplied by Difco Laboratories, Detroit, Michigan, U.S.A.). Subsequently a method was developed for the culture of leucocytes from an inoculum of 0.4 ml of whole rat blood.
The compounds used in these investigations were urethane, nitrogen mustard,~p ropiolactone and benzene. The effects of urethane on animal tumours and on leukaemic cells have been investigated by several workers. Rosin (1951) described the reduction of the namber ofleukaemic cells in the peripheral blood of cases of myeloid and lymphoid leukaemia in man and mice by urethane, and suggested that the compound selectively inhibits the multiplication of leukaemic cells. He also examined the bone marrow of normal mice after a single intraperitoneal injection of urethane, and found an increase in mitotic activity and frequent abnormal mitoses.
Experiments concerning the induction of chromosome aberrations in cultured mammalian cells showed that the number of aberrations produced by urethane (11 per cent) is much lower than by hydroxyurethane (40 per cent) suggesting that hydroxyurethane may be a murine carcinogenic agent derived by metabolic oxidation of urethane (Borenfreund et at., 1964) .
The wide biological activity of nitrogen mustard and related compounds has been the subject of intense research, particularly in relation to carcinogenesis (Walpole, 1958) , cytotoxicity (Koller, 1958) and teratogenesis (Murphy, Moro & Lacon, 1958) . The effect of nitrogen mustard on the bone marrow in the rat has been described in detail (Koller, 1958) while Con en & Lansky (1961) describe chromosome damage in cultured leucocytes from a patient receiving nitrogen mustard therapy for malignant disease.
-propiolactone is a proven carcinogen and has been widely used in research into chemical carcinogenesis.
A series of papers has been published on the carcinogenic activity of lactones (Dickens & Jones, 1961 , 1965 Dickens, Jones & Waynforth, 1966) , on the effect of~-propiolactone on cultured mammalian cells (Powell, 1966) , and on root-tip preparations (Smith & Lotfy, 1955) .
For many years benzene has been known to exert a toxic effect on blood formation and recently has been implicated in a number of cases of leukaemia (Vigliani & Saitz, 1964) . Chromosome abnormalities have been described in bone marrow cells from cases of aplastic anaemia following benzene exposure (Pollini & Colombi, 1964) and chromosome aberrations found in leucocyte cultures from men working in a factory where benzene was used as a solvent (Tough & Court-Brown, 1965) . This paper describes the dev;e1opment of methods by which the potential of chemicals to cause chromosome damage may be studied and investigates the effect of 4 chemical compounds known to be carcinogenic or to cause chromosome damage. A 2 mg/ml solution was prepared in distilled water immediately before use.
CHEMICAL-INDUCED
-propiolactone (Laboratory Reagent Grade, British Drug Houses, Poole, Dorset) was prepared immediately before use as a 1 per cent or 4 per cent w/v solution in distilled water.
Benzene (Analytical Grade, Hopkins & Williams Ltd) was used undiluted.
Effects of chemicals in vivo
Carworth strain CFl mice weighing 20 g, and Carworth CFE rats weighing approximately 200 g, both reared under specified-pathogen-free conditions, were used. Mice were caged in pairs, rats individually, and both were allowed food and water ad libitum.
Details of the treatment schedule are shown in Table 1 . Control animals received an equivalent dose of distilled water, except in the experiment using benzene where the control animals were untreated.
Effects of chemicals on the chromosomes of cultured rat leucocytes
-propiolactone was prepared as a 1 per cent v/v solution immediately before being incorporated at molar concentrations in leucocyte cultures (Table  4 ). At first cultures were exposed during the final 24 h of culture, but subsequently the exposure was reduced to the final 5 h.
Direct chromosome preparations
Each animal was injected intraperitoneally with 0.01 ml/g bodyweight of 0.04 per cent 'Colcemid' solution (Ciba Laboratories Ltd, Horsham, Sussex); 60 min later the animal was killed with sodium pentobarbitone and the required tissues removed.
Soft tissues such as liver, spleen and thymus were rinsed in Hank's basic salt solution to remove surplus blood, and then gently teased apart using fine pointed forceps, in about 5 ml of warm (37°C) Hank's solution. When sufficient free cells had been obtained, large particles were removed using the forceps and the suspension centrifuged at 1 000 rpm for 10 min (BTL Bench Centrifuge, Baird & Tatlock Ltd, Chadwell Heath, Essex). To obtain marrow cells, the femur was cleaned of surplus blood and tissue and the epiphyses removed, thus exposing the marrow cavity. Marrow was washed out of the cavity using a syringe and needle containing about 5 ml of Hank's solution, and the suspension then centrifuged at I 000 rpm for Subsequent treatment was the same for both marrow and other tissues. After centrifuging, the supernatant was discarded, and the cells resuspended in 5 ml of 1 per cent sodium citrate solution at 37°C and allowed to stand at 37°C for 15 min. The suspension was centrifuged for 5 min at 800 rpm and the citrate removed.
8-10 ml of freshly prepared fixative (methanol-acetic acid, 3:1) was then added slowly with continuous mixing. The cells were centrifuged for 5 min at 1 000 rpm, the fixative discarded, and after resuspension in 6-8 ml of fresh fixative, allowed to stand at room temperature for 30-60 min. After this period of fixation, the supernatant was discarded following centrifugation for 10 min at 1 000 rpm, and the cells resuspended in sufficient fixative to form a hazy suspension.
Films were prepared on grease-free slides previously chilled in iced distilled water. Excess water was shaken off the slide, the underside wiped dry and 3 drops of cell suspension placed along the centre of the slide. The suspension was allowed to spread over the surface for about 20 sec, and then the slide was quickly passed through a flame to ignite the fixative. The slide was cooled immediately the flame had extinguished by being briskly shaken.
When completely dry, the preparations were treated for 6 min in Giemsa stain, diluted 1 in 10 in distilled water to which had been added 3-5 per cent of 0.15N ammonium hydroxide. Surplus stain was removed from the slides by passage through 2 baths of the aqueous ammonia.
Chromosome preparations from cultured rat leucocytes
The culture medium consisted of 6 ml of medium 199 (Burroughs Wellcome & Co., Euston Road, London, N.W.l), 3 ml of 'Hyland' foetal calf serum (Baxter Laboratories Ltd, High Wycombe, Buckinghamshire), to which was added 0.2 ml of phytohaemagglutinin (Burroughs Wellcome) and 0.1 ml of a solution of heparin containing 5 000 iu/ml. The medium was inoculated with 0.4 ml of whole blood and incubated at 37°C for 72 h; 2-4 h before the end of the incubation, mitosis was blocked at metaphase by the addition of 0.15 ml of a solution containing 0.2 mg of 'Colcemid' per ml. After incubation, the complete culture was transferred to a 15 ml graduated centrifuge tube and chromosome preparations made by the method described above for bone marrow cells.
Chromosome preparations were examined by systematically scanning each film from end to end using a low-power (x 10) microscope objective. All metaphase plates encountered were closely examined under higher magnification (x 40 or X 54), and only those cells where the chromosomes were well separated in a single plane were selected for analysis. Final analysis was carried out under a high-power (x 100) oil-immersion objective and consisted of enumeration of the chromosomes and their examination for abnormal features.
100 cells were analysed in each preparation and between 10 and 30 photographed for subsequent karyotyping.
RESULTS

Effect on somatic chromosomes in vivo
The number of chromosomes found agreed with the accepted diploid number for mice (2n=40) and for rats (2n=42).
Urethane. Two mice receiving 2 doses of 2 g/kg died within 1 hour of the second injection.
The remaining treated animals survived and all showed chromosome damage in the cells of the bone marrow (Table 2 ). In some cases damage took the form of chromosome breaks and fragments. and in others chromatid gaps (Fig. 1) . Damage was more severe in mice receiving 2 treatments of 1 g/kg. Although the recorded percentage of abnormal metaphase cells was slightly lower than in those receiving a single treatment, many mitoses were completely disintegrated and the chromosomes could not be analysed.
Abnormalities were mainly fragments, breaks and gaps, and the occasional ring chromosomes (Fig. 2) . Table 2 . Analysis of chromosomes from the bone marrow of male mice treated with urethane. Dose 1 g/kg X 1 1 g/kg X 1 1 g/kg X 2 1 g/kg X 2 Control Control Preparations from the 2 mice exposed to 2 treatments of 1 g/kg contained many cells in which the chromosomes were disintegrated.
In 2 rats exposed to 1 g/kg urethane for 24 and 48 h respectively, there were 3 aberrant mitoses per 100 cells. The abnormalities consisted of chromatid gaps and breaks (Fig. 3) . No abnormal mitoses were seen in 100 cells from the control rat or the animal examined 144 h after exposure.
Nitrogen mustard. Bone marrow preparations from rats treated with I mg/kg mustine Hel showed normal mitoses with a correct chromosome number, nlthough in a small proportion of mitoses the chromosomes had Benzene. Bone marrow cells obtained from rats of both sexes 24 h after treatment with 1 ml/kg showed an increase in damaged chromosomes (Table  3) . Aberrations included chromatid gaps and chromosome fragments (Fig.  4) . At a level of 0.5 ml/kg only the male rat showed chromosome damage, the female appearing unaffected. In a male rat treated with 2.0 ml/kg, the chromosome damage was less than that in rats given 1 rol/kg although increased nuclear fragmentation was evident, indicating that damage to a number of Table 3 . Analysis of chromosomes from the bone marrow and blood of rats after subcutaneous injection of benzene. cells was too severe to permit chromosome analysis. In preparations made 8 days after the treatment no chromosome damage was seen. Peripheral leucocyte cultures taken 24 h af~er benzene treatment showed chromosome damage at both treatment levels, while those prepared 8 days afterwards showed a much reduced percentage of damaged chromosomes.
Effect on chromosomes in leucocyte cultures
In cultures of rat leucocytes treated with O.0005M~-propiolactone during the final 24 h before harvesting, no cells undergoing mitosis or showing blastcell transformation were seen (Table 4) . At a concentration of O.00025M mitosis proceeded normally. In cultures treated with these concentrations during the final 5 h before harvesting, O.0005Minhibited cell development. At a concentration of O.00025M,however, the rate of transformation was normal, although the number of cells in mitosis appeared to be diminished. At this concentration 20 per cent of the mitoses analysed showed aberrations in the form of chromatid gaps, and many of the chromosomes had indistinct outlines and stained unevenly (Fig. 5) . In another experiment duplicate cultures were set up from a single sample of rat blood; one culture was treated with O.00025M~-propiolactone and the other untreated. Again the treated culture showed fewer mitoses, but sufficient were analysed to show evidence of chromosome damage in 27 per cent of cells. The karyotype of the rat and mouse. The term 'karyotype' is defined as 'applied to a systemized array of the chromosomes of a single cell, prepared either by drawing or by photography, with the extension in meaning that the chromosomes of a single cell can typify the chromosomes for an individual or even a species' (Book et 01., 1960) . In the present investigation karyotyping was carried out on between 10 and 30 per cent of the cells analysed by direct microscopy. This permitted confirmation of direct chromosome counts, and also indicated the chromosome or groups of chromosomes most susceptible to chemical damage.
The somatic cells of the rat contain 42 chromosomes including the 2 sex chromosomes (Figs 6 and 7). Hungerford & Nowell (1963) described Xchromsome polymorphism in 2 of 3 strains of laboratory rat; 2 types of X chromosomes were recorded, one of which had a pronounced short arm (subtelocentric-XsT). and the other a much smaller short arm or none at all (telocentric-XT).
A truly inbred strain of rat, however, does not exhibit X-chromosome polymorphism.
For example. rats obtained from the inbred Lewis strain were all XST, while those obtained from a non-inbred Shay colony and from a randomly-bred Lewis colony consisted of animals with either XT or XST chromosomes. Two types of Y chromosomes were also observed.
In Lewis and Shay males the Y chromosome was a small telocentric chromosome, slightly larger than chromosome number 13, and quite easily recognisable.
In a third strain (BN-Chocolate) the Y chromosome was larger and could not be positively distinguished from the smaller telocentric chromosomes of group 4-10.
In rats from our CFE strain the X chromosome has invariably been of the X T type, and the Y chromosome a small identifiable telocentric. The X chromosome cannot be distinguished from the larger telocentric chromosomes of group 4-10 ( Figs 6 and 7) . The identification of the chromosomes of the CFE rats followed the system of Hungerford & Nowell (1963) and agreed with other published reports (Zieverink & Moloney, 1965; Dowd, Dunn & Moloney, 1964; Fitzgerald, 1961) . Pairs 1 and 2 were the largest chromosomes, no. 1 having subterminal centromeres. The third pair wer~shorter than the first two with subterminal centromeres, often with satellites on the short arm (Fig. 7) . Chromosomes 4-10 comprised a group of relatively large chromosomes of gradually decreasing length, with terminal centromeres. The X T chromosome was indistinguishable from the larger members of this group. Pairs] 1 and 12 were about the same size as the smaller of group 4-10, but both clearly had subterminal centromeres, the centromere of number 12 being rather closer to the end of the chromosome. Chromosome no. 13 was shorter than 11 or 12, with a subterminal centromere, and occasionally, satellites. The group ]4-]8 were all metacentric chromosomes, decreasing in size, the larger being about the same size as chromosome no. 11. Pairs 19 and 20 were clearly shorter than group 14-18, both being metacentric.
CHEMICAL-INDUCED CHROMOSOME
In good preparations of somatic cells chromosomes may be readily placed in pairs or groups described above. The identification of individual chromosomes of group 4-11 and 14-18, and the X chromosome was not possible, but for the purpose of the present work this system of identification was adequate.
no n The diploid number of chromosomes in the mouse is 40 including the 2 sex chromosomes (Figs 8 and 9 ). All are telocentric, and because of this identification of specific chromosomes is even more difficult than in those of the rat. The system of classification of Levan, Hsu & Stich (1962) no. 20, and the somatic sex of a metaphase plate could be readily determined by the presence of 3 of these small chromosomes in the male (i.e. 2 no. 20 and the Y chromosome) and 2 in the female (i.e. 2 no. 20) (Stich & Hsu, 1960) .
The X chromosome cannot be positively identified in the mouse and, to permit the construction of a karyogram, it is necessary to assign one chromosome as X in the male, and a pair in the female. Following the practice of Levan et al. (1962) , the fifth largest chromosome in the male, and the third largest pair in the female, have been arbitrarily chosen as the X chromosomes. Certain medium-sized chromosomes, particularly those of pairs 13 to 18, often showed a secondary constriction near the centromere, giving rise to 'rabbit's ear' appearance.
This characteristic does not seem specific for any particular chromosome (although Levan et al., 1962 , placed the most obvious pair of 'rabbit's ear' chromosomes as pair no. 15) and is of little help in positive identification.
A feature of the examination of mouse chromosomes was the occurrence in a small proportion of cells. in both treated and untreated animals. of a small telocentric chromsome which tended to divide prematurely at the centromere (Fig. 10) . This chromosome was identified as one of the 3 group 20-21 chromosomes in the male. and was probably the Y chromosome. as the phenomenon was not seen in cells from female mice. Chromosome damage. Urethane (1 gfkg) was found to be a useful control material for chromosome damage in mice. The same dose in rats produced less damage. Treatment of rats with nitrogen mustard at the levels used completely destroyed some cell nuclei at mitosis. but had no visible effect on others.
This makes nitrogen mustard an unsuitable control material for chromosome damage experiments. though treatment at lower levels might produce the desired sub-lethal effect on the cell.
The negative results obtained after intraperitoneal injection of~-propiolactone may be accounted for by its rapid hydrolysis. although application by other routes may allow a longer period of cell-toxicant contact.
When~propiolactone is added to leucocytes in vitro, a concentration of 0.00025M over the final 5 h produces chromosome damage. As~-propiolactone is rapidly hydrolysed, the period of exposure of cells following a single treatment is probably very short. This indicates the importance of adding such relatively unstable compounds to 3-day leucocyte cultures during the late stages of the culture, when the rate of mitosis is at its highest.
Benzene (1.0 mljkg subcutaneously) produces chromosome damage in rat bone-marrow cells within 24 h. Eight days after treatment marrow cells showed no evidence of chromosome damage, indicating perhaps, that cells initially damaged by the compound were no longer capable of division. Leucocyte cultures prepared 24 h after treatment showed increased chromosome aberrations at both treatment levels. The eighth-day cultures also showed a small percentage of damaged chromosomes but the numbers were too small to be conclusive.
A possibly significant increase in polyploid mitoses was found in the 24-hour cultures from treated animals. Elis & Raskova (1964) have discussed the value of chromosome damage as an indicator of potential carcinogenicity.
They suggest that, while karyotype investigations are very time-consuming, some method of investigating chromosome damage would be useful, and conclude that the onion-root technique merits further use. However, there are great advantages in using mammalian cells instead of plant cells, and further evaluation of the techniques described and their application is being carried out.
